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Abstract

The Atmospheric Radiation Measurement (ARM) program provides high quality radiometric data from
approximately 150 instruments deployed at Southern Great Plains (SGP), Eastern North Atlantic (ENA),
North Slope of Alaska (NSA), Oliktok (OLI), and the ARM Mobile Facilities (AMF) sites. These instruments
are deployed on the Solar Infrared Radiation Station (SIRS), SKYRAD, and GNDRAD instrument platforms. In
addition to the operational radiometers, there are more than 200 other radiometers that are calibrated
and used for instrument swaps and replacements. The National Renewable Energy Laboratory (NREL) and
ARM, through the Radiometric Calibration Facility (RCF) at the Southern Great Plains (SGP) site, provides
Broadband Outdoor Radiometer Calibrations (BORCAL) for all shortwave (SW) and longwave (LW)
radiometers that are deployed by the ARM program. The BORCAL-SW is traceable to the International
System of Units (SI), through the World Radiometric Reference (WRR). On the other hand, the Sl standard
is not yet established for longwave measurements. Both NREL and ARM continue to improve radiometric
measurement through the introduction of new methods to reduce uncertainty in calibration and field
measurements. A significant part of this effort is to establish the longwave traceability to Sl units and
deploy the BORCAL-LW using an interim World Infrared Standard Group (WISG) for traceability.
Deployment of BORCAL-LW capability has been performed under ARM program ECO-00781, “Establish
Pyrgeometer Calibrations Traceable to the WISG”. The stated purpose of the ECO is to adopt the consensus
WISG for calibrating pyrgeometers used by ARM for broadband longwave irradiance data collected from
SIRS, SKYRAD, and GNDRAD instrument platforms. This poster presents the development, implementation,
and operation of the LW-BORCAL system at the SGP RCF for the calibration of pyrgeometers that provide
traceability to WISG.




Longwave Calibration Process

Documentation of the longwave and shortwave BORCAL processes conducted at SGP can be found
here: http://www.nrel.gov/docs/fy150sti/65035.pdf

In summary, this is the process for longwave BORCAL (BORCAL-LW) calibrations:

* At the beginning of the season, the SGP RCF operator (Craig Webb) will send in the multimeters,
temp/RH probe, reference (2) and measurement assurance standard (1) pyrgeometers to NREL for
calibration.

o The meters and temp/RH probe are calibrated and returned within a couple weeks.

o The pyrgeometers are included in NREL's BORCAL-LW and returned to the SGP RCF operator for use
in the next year’s calibration events.

*  The SGP RCF operator sets up the test instruments (up
to 11), reference standards (2), control (1) and
measurement assurance standard (1) on 5 trackers
with 15 total positions.

*  The SGP RCF operator configures the Radiometer
Calibration and Characterization (RCC)* software to
accommodate the instruments being calibrated and all
associated information.

*  The SGP RCF operator sends a layout of the instrument
positions on the trackers to the SRRL ARM mentor.

¥ http://www.nrel.gov/docs/fy160sti/65844.pdf



http://www.nrel.gov/docs/fy15osti/65035.pdf
http://www.nrel.gov/docs/fy16osti/65844.pdf

Longwave Calibration Process (cont.)

The SRRL ARM mentor (Mike Dooraghi or Mark Kutchenreiter) creates a “Parameters for Reference
Instruments” sheet which includes all reference instrument information.

The SRRL ARM mentor then verifies the configuration as entered by the SGP RCF operator.

The SRRL ARM mentor gives the SGP RCF operator the “go ahead” to start taking measurements.
Measurements for the BORCAL-LW are taken at night and are done so through an automated process.
The SRRL ARM periodically checks the data to

determine if enough data under the correct
conditions have been collected.

Once enough data has been collected, the SRRL
ARM mentor notifies the SGP RCF operator to
cease data collection.

The SRRL ARM mentor reviews the data and RCC
generated report.

Stickers are mailed to the SGP RCF operator for
application to the instruments.

Calibration results and report are uploaded to the
AIM database.




When has enough Data Been Collected?

LW calibration data are collected at night only.

Data is collected under all sky conditions.

The voltage output of the pyrgeometer is the least under overcast skies and most under clear sky
conditions. By capturing all conditions we can calibrate the instrument under its full output range.

The PIR measures net radiation of the thermopile to the sky; under clear skies this is greatest.
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Calibration Certificate ertificate

Test instrument:  Downwelling Pyrgeomeater (Venfilated) Manufacturer Eppley

Mo del: FIR Serial Mumber: IEIEEF3

Calibration Date:  ¥17/2018 Due Date: 3172017 ( Customer and Pyrgeometer
Customer: SGP Environmental Conditions: see pags 4 o .

Test Dates: 2Mp-28e, 3117 Informatlon

This cargfies that the above produc! was calibrated in complance with procedums Esled balow. Measurament uncatantes al he §me of calibration are
consstent with he Guide to e Expresson of Uncanainly in Measunament (GUM) using Rada &t al ., 2008, All nominal valuss are Faceable 1o he
Warld Infrared Standand Group (WISG)

Mo & aeiment of complance with specificalons it made of imphed on s ceriicate However, the edlimaled uncartainties are the uncaftainties of the
calibralion process; ubars mus! add other uncatanties thal ane reevant o thed measuding syslem, efvironmental and aky conditions, cutdoor sal-up,
and e kocalion

This cerfficate appies only o the fem identifed above and shall nat be reproduced omer that in full, withou! speciic writhen approval from Se

a3 il i ﬁﬂ Cantificale withoul E At s nol valid

Table 1. Traceability

Messunement Type lins rument C Date [ Duies Deaste

Data Acquisition NREL Data AcquisiSon System Modd RAP-DAG, SN 20141302 MAW2Ms 04M15/2016 Tra Ce a bi I ity
Infrared Wradkanos 1 Epplay Dowrweling Pyrgeomas Modd PIR, SN 31208F3 DEM¥2M5 08M19/2017 (
Infrared kradkanos Epplay Downwaling Pyrgeams s Modd PIR, SN 31237F3 DENY2NS 08Ma/2017

£ Through the Warld Infrared Standand Group {WISG)

Mumber of pages of certificate: 4

Calibration Procedure: 5GP BORCAL-LW Calibration Procedura

Setup: Radiometers are calibrated outdoors, using the atmosphere as the source. Pyranometers and pyrgeometers are installed for e Description Of procedure

horizontal measurements, with their signal connectors oriented narth, if their design pamits.

Calibrated by: Mike Dooraghi and Craig Webb

Michael Dooraghi, Technical Manager Diate

For questions or comments, please contact the fechnical manager at:
Mike. Dooraghi@nrel.gov; 303-384-6329; 15013 Derver West Parkway, Golden, CO 80401, USA

BORCAL-LW 2016-02 / Canlificale Soulhern Greal Flaing FEI6EFT Epplay FIR Fage 1ol 4
A1-38




Calibration Results
30133F3 Eppley PIR

The incoming irradiance (Win) of the test instrument during calibration is calculated using this Measurement Equation:

Win = KO + K1*V + K2*Wr + K3"Wd - W) [1]
whena,
KOK1,K2,K3 = calibration coefficeints, Wr =g * Tr*d = receiver imadiance (W/m7,
v = thermopile output voltage (pV), where, o =56704e-8 Wm-2-K-4,
W = o " Td* =dome irradiance (Wm?), Tr=Te+ Kr™V = necelver temperature (K),
whare, Td =dome temperature (K), Teo= case temperature (K),

Kr =efﬁ|:ienﬂ coeffickent {Kipy).

. Residuals for calc. vs ref iradiance using KO=0 Coefficients

300 -200
Thermapie Volage (1)

+L{A)

Table 2. Calibration Coefficients for Ki<=0 Table 3. Calibration Coefficients for Ki=0

K3 -3.3464 K3 -2 8841

Kr used to derive coefficients 0.00070440 Kr used fo deriwe coefidents 0,000 70440
Table 4. Uncerainty using K0 Coefficients Table 5. Uncertainty using Ki=0 Coefficients
Type-i Standard Uncerainty, ufB) (W) +1.14 Type-B Standard Uncerfainty, u{l) {#f'm®) +1.14
Type-A Standard Uncartainty, u{i) (Wim?) +0.28 Type-A Standard Uncartainty, ufd) (i'm?) +0.56
Combine d Standard Uncertaingy, uic) (W'm') +1.18 Combine d Standard Uncertaingy. u(c) (Wim 9 +1.27
Effective degrees of freedom, DFic) +nf Effective degrees of freedom, DF{c) +Inf
Cowerags factor. k 1.96 Cowerags factor, k 196
Expanded Uncertainty, U85 (Win®) +2 31 Expanded Uncertainty, 55 (Wim# =2 49
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\ Measurement equation used to
determine irradiance.

Difference between calculated
longwave irradiance using
calibration coefficients for K<>0
and reference Irradiance on left
and the same using calibration
coefficients for K =0 on the
right.

Calibration coefficients and

o o srs . ., uncertainties for K<>0 on left and
:; ﬁ-f:fj :; Tf;ff / for K=0on the right.




Figure 3. Higtory ofinstrument (KD Coefficent)
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Figure 4 History ofinstrument (K1 Coefficient)
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Figune 5. History ofinstrument (K2 Coefficent)
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Figure 8. History ofinstrument (K3 Coefficient)
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Refarences:

1] Reda, L: Stofial, T. (2010). Pyrge ameter Calfibrafion for D OE-Amosgheric System Ressarh Program using NREL Mehod (Prsantzion). 9 pp.;
WREL Repart Mo PR. 38047756 b Jhwwen i gavid ocsfyl (asSHT756 pdt.
BORCALL W 2016-02 / Cantiicale

Souther Graal Flains 301353 Eppley FIR Page 3004
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Historical record of calibration
coefficient results from BORCAL to
BORCAL

We are establishing allowable limits for
the deviation of these 4 coefficients.
Most instruments that have been
calibrated recently and have only one
value for each calibration coefficient.
The control and measurement
assurance standard have been in each
of the 8 calibrations so far and thus
have 8 results each.

The values shown on the left are for
the measurement assurance standard
instrument 30133F3.

The red line represents the traceable
coefficient results and the blue line
represents coefficient results obtained
when forcing the intercept through O




Control and Measurement Assurance Standard

*  Results are from 8 LW BORCAL events for the control instrument (36368F3) and the Measurement Assurance
Standard (30133F3) are shown below.

e Yearly calibrations are currently scheduled for the first 2-3 years to allow for enough collection of data to
determine what are acceptable levels for the KO, K1, K2, and K3.

* Itis preferable to have ~21 samples to establish a significantly acceptable level for each K value. This will
better allow us to evaluate what is an acceptable change from a previous BORCAL or what may be suspect.

Control and Measurement Assurance Standard Calibration Coefficient History

Figure 1. Eppley PIR Control Instrument History (K0 Coefficient)
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Figure 3. Eppley PIR Control Instrument History (K2 Coefficient)
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Calibration Residuals as Compared to the Reference

. The residual in W/m”2 as compared to the reference instruments ranges from 3.2 to 23.1 for the control instrument (36368F3 )
and from -1.8 to 7.2 for the measurement assurance standard (30133F3 ) when using the manufacturer’s calibration.

. The residual in W/m”2 as compared to the reference instruments ranges from -1.3 to 1.3 for the control instrument (36368F3 )
and from -1.6 to 1.6 for the measurement assurance standard (30133F3 ) when using the BORCAL-LW calibration.

36368F3 Residuals using MFG Calibration as Compared to 30133F3 Residuals using MFG Calibration as Compared to
BORCAL Reference Irradiance BORCAL Reference Irradiance
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Metrics

All Metrics are for LW calibrations from July 2015 to March 2016.
Total number of Instruments calibrated: 92
Total individual Instruments calibrated : 81
Total number of failed calibrations: 8 (Most of these were later linked to a failed channel)
Average Uncertainty: + 2.31 W/m?2
Highest Uncertainty: + 2.59 W/m?2
Lowest Uncertainty: + 2.26 W/m?2
Average number successful calibrations per session: 11.75
Average length of time for BORCAL-LW to complete: 30.6 days
Shortest BORCAL-LW event: 17 days
Longest BORCAL-LW event: 44 days
Current range of KO values for all successfully calibrated instruments: -9.6467 to 4.0452
Current range of K1 values for all successfully calibrated instruments : 0.2152 to 0.34601
Current range of K2 values for all successfully calibrated instruments : 0.9929 to 1.0253
Current range of K3 values for all successfully calibrated instruments : -5.1028 to 0.00087




